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We have investigated the effect of tensor correlations on the depletion of nuclear Fermi sea in in
symmetric nuclear matter within the framework of the extended Brueckner-Hartree-Fock approach
by adopting the AV 18 two-body interaction and a microscopic three-body force. The contributions
from various partial wave channels including the isospin-singlet T = 0 channel, the isospin-triplet
T = 1 channel and the T = 0 tensor 3SD1 channel have been calculated. The T = 0 neutron-
proton correlations play a dominated role in causing the depletion of nuclear Fermi sea. The T = 0
correlation-induced depletion turns out to stem almost completely from the 3SD1 tensor channel.
The isospin-singlet T = 0 3SD1 tensor correlations is shown to response for most of the depletion,
which amounts to more than 70 percent out of the total depletion in the density region considered.
The TBF turns out to leads to an enhancement of the depletion at high densities well above the
empirical saturation density and its effect increases as a function of density.
PACS numbers: 21.60.De, 21.65.-f, 21.45.Ff, 21.30.Fe
I. INTRODUCTION
Tensor correlations and short-range correlations, which
may lead to the depletion of the hole states and the par-
tial population of the particle states, play a crucial role
in understanding many properties of nuclear many-body
system, In Ref.[1, 2] the tensor component of nucleon-
nucleon (NN) interactions has been shown to responsi-
ble for the shell evolution of exotic nuclei. The inves-
tigation of Ref.[3] indicate that the contribution of the
neutron-proton (np) tensor cannel is decisive for deter-
mining the density dependence of nuclear symmetry en-
ergy. In dense neutron star matter, the short-range ten-
sor correlations are expected to be especially important
for understanding the cooling mechanism, the nucleon
pairing and the transport phenomena of neutron stars [4].
Due to the NN correlations induced by NN interactions,
a nuclear many-body system behaves much more com-
plicatedly and manifests more plentiful properties than
a non-interacting Fermi system. For example, the NN
correlations, especially the tensor correlations, may lead
to a depletion of the nucleon momentum distribution be-
low the Fermi momentum and a partial population above
the Fermi momentum in nuclear matter[5]. The deple-
tion of the Fermi sea measures of the strength of the
dynamical NN correlations induced by the NN interac-
tion in a nuclear many-body system [6–8], and It plays an
important role in testing the validity of the physical pic-
ture of independent particle motion in the standard shell
model and/or a nuclear mean field model. Since the de-
pletion of the lowest hole states in nuclear matter can be
identified approximately as the depletion of the deeply
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bound states inside heavy finite nuclei, investigation of
the nucleon momentum distribution in nuclear matter
may provide desirable information for understanding the
structure of finite nuclei.
Experimentally, the effects of NN correlations and the
nuclear depletion of the Fermi sea can be investigated
by the (e, e′p), (e, e′NN) and proton induced knock-
out reactions [9–11]. Up to now, the related measure-
ments have been performed at various laboratories con-
tinually [12–22] and definite evidence of the short-range
NN correlations has been observed in these experiments.
The (e, e′p) experiments on 208Pb at NIKHEF has indi-
cated that the deeply bound proton states are depleted
by 15% − 20% in order to explain the measured coin-
cidence cross sections [15]. Recent experiments on the
two-nucleon knockout reactions have shown that nucle-
ons can form short-range correlated pairs with large rel-
ative momentum and small center-of-mass momentum.
The observed strong enhancement of the np short-range
pairs over the proton-proton(pp) pairs at JLab [22] has
indicated the dominate role played by the short-range
tensor correlations in dense nuclear medium [23]. The-
oretically, the nucleon momentum distribution and the
short-range correlations in nuclear matter have been in-
vestigated extensively by using various microscopic ap-
proaches, such as the Green function theory [24–28], the
extended Brueckner-Hartree-Fock (BHF) framework [29–
35], the in-medium T-matrix approach [36, 37], the varia-
tional Monte Carlo method [23], and the correlated basis
function approach [38, 39]. The predicted depletion of
the Fermi sea by different theoretical approaches have
been shown to a slightly larger than 15% [30, 33, 38, 39],
in agreement with the experimental observations. In
Ref.[33], the nucleon momentum distribution has been
studied within the Brueckner-Bethe-Goldstone theory by
including high-order contributions in the hole-line expan-
2sion of the mass operator. In our previous paper[40], the
effect of a microscopic three-body force (TBF) on the nu-
cleon momentum distribution has been discussed and it is
shown that inclusion of the TBF may lead to a enhance-
ment of the depletion of nuclear Fermi sea in nuclear
matter at high densities well above the saturation den-
sity. In the present paper, we shall investigate the effect
of tensor correlations on the depletion of nuclear Fermi
sea within the framework of the extended BHF approach.
II. THEORETICAL APPROACHES
The present calculations are based on the extended
BHF approach [5]. The extension of the Brueckner ap-
proach to include microscopic TBFs can be found in
Ref.[41, 42]. The starting point of the BHF approach
is the reaction G-matrix, which satisfies the Bethe-
Goldstone (BG) equation [43],
G(ρ;ω) = V + V
∑
k1k2
|k1k2〉Q(k1, k2)〈k1k2|
ω − ǫ(k1)− ǫ(k2)
G(ρ;ω) (1)
where ki ≡ (~ki, σ1, τi) denotes the momentum, the z-
component of spin and isospin of a nucleon, respec-
tively; V is the realistic NN interaction; ω is start-
ing energy; Q(k1, k2) is the the Pauli operator. The
single-particle (s.p.) energy ǫ(k) is given by: ǫ(k) =
~
2k2/(2m) + UBHF(k). We adopt the continuous choice
for the auxiliary potential UBHF(k) in the present calcu-
lation. Under the continuous choice, the s.p. potential
describes physically at the lowest BHF level the nuclear
mean field felt by a nucleon in nuclear medium and is
calculated as follows:
UBHF(k) = Re
∑
k′≤kF
〈kk′|G[ρ, ǫ(k) + ǫ(k′)]|kk′〉A. (2)
For the realistic NN interaction, we adopt the AV 18
two-body interaction [44] plus a microscopic TBF [42]
constructed by using the meson-exchange current ap-
proach [41]. The parameters of the TBF model, i.e., the
coupling constants and the form factors, have been self-
consistently determined to reproduce the AV 18 two-body
force using the one-boson-exchange potential model and
their values can be found in Ref.[42]. In our calculation,
the TBF contribution has been included by reducing the
TBF to an equivalently effective two-body interaction ac-
cording to the standard scheme as described in Ref.[41].
In order to calculate the nucleon momentum distribu-
tion in nuclear matter with the EBHF approach, we fol-
low the scheme given in Refs. [5, 33]. Within the frame-
work of the Brueckner-Bethe-Goldstone theory, the mass
operator can be expanded in a perturbation series ac-
cording to the number of hole lines, i.e.,
M(k, ω) =M1(k, ω) +M2(k, ω) +M3(k, ω) + · · · (3)
The mass operator is complex quantity and the real part
of its on-shell value can be identified with the potential
energy felt by a neutron or a proton in nuclear matter.
In the expansion of the mass operator, the first-order
contribution M1(k, ω) corresponds to the standard BHF
s.p. potential and the real part of its on-shell value co-
incides with the auxiliary potential under the continuous
choice given by Eq. (2). The higher-order terms stems
from the density dependence of the effective G-matrix,
which are important for describing realistically and reli-
ably the s.p. properties within the Brueckner theory [5].
The second-order term M2 is called Pauli rearrangement
term and it describes the effect of ground state correla-
tions [32, 45]. The effect of ground state correlations is
not only essential for getting a satisfactorily agreement
between the predicted depth of the microscopic BHF s.p.
potential and the empirical value [5] and for restoring the
restoring the Hugenholtz-Van Hove theorem [46], but also
plays a crucial role in generating a nucleon self-energy to
describes realistically the s.p. strength distribution in nu-
clear matter and finite nuclei below the Fermi energy [10].
The Pauli rearrangement contribution can be calculated
according to Ref.[5]. The third-order term M3 is called
renormalization contribution and it takes into account
the above effect of the depletion of the Fermi seas. The
renormalization term M3 is given by [5, 32, 46]:
M3(k, ω) = −
∑
h
κ2(h)〈kh|G(ω + ǫ(h))|kh〉A , (4)
where h refers to the hole state below the Fermi momen-
tum, and κ2(h) = − [∂M1(h, ω)/∂ω]ω=ǫ(h) is the deple-
tion of the Fermi sea at the lowest-order approximation
[5, 46]. As shown in Ref. [33], it is a satisfactory ap-
proximation to replace the depletion coefficient κ2(h) in
Eq. (4) by its value at the averaged momentum inside
the Fermi sea, i.e., κ = κ2(h = 0.75kF ). By taking
into account M3(k, ω), one gets the renormalized BHF
approximation for the mass operator [5], i.e.,
M˜1(k, ω) ≡M1(k, ω)+M3(k, ω) ≈ (1−κ)M1(k, ω) . (5)
Similarly one may obtain the renormalized M˜2 [5]:
M˜2(k, ω) = (1−κ)M2(k, ω). In terms of the off-shell mass
operator, it is readily to calculate the momentum distrib-
tution below and above the Fermi momentum [5, 33]:
n(k) = 1 +
[
∂U˜1(k, ω)/∂ω
]
ω=ǫ(k)
, for k < kF (6)
n(k) = −
[
∂U˜2(k, ω)/∂ω
]
ω=ǫ(k)
, for k > kF (7)
where U˜1 and U˜2 denote the real parts of M˜1 and M˜2,
respectively.
III. RESULTS AND DISCUSSIONS
In Fig.1 we show the contributions from different par-
tial wave channels to the nucleon momentum distribution
in symmetric nuclear matter at three typical densities
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FIG. 1: (Color online) Contributions from different partial
wave channels to nucleon momentum distribution in symmet-
ric nuclear matter at three typical densities.
TABLE I: The calculated contributions from different chan-
nels to the depletion [i.e., 1 − n(k = 0)] of the lowest hole
state in nuclear matter. The results in this table have been
obtained without including the TBF.
ρ (fm−3) T = 1 T = 0 3SD1 total
0.17 0.027 0.115 0.113 0.142
0.34 0.040 0.108 0.105 0.148
0.51 0.051 0.102 0.099 0.153
ρ = 0.17, 0.34 and 0.51fm−3, respectively. In the figure,
the solid lines correspond to the total distributions; the
dashed ones denotes the contribution from the isospin
T = 0 np channels; the dotted curves are the contribu-
tion from the isospin-triplet T = 1 channels; the dot-
dashed curves indicate the contribution from the T = 0
3SD1 tensor channel. The results of Fig.1 are obtained by
adopting purely the AV 18 two-body interaction and the
TBF is not included. It is seen that the NN correlations
may lead to a depletion of the nucleon hole states below
the Fermi surface and a partly occupation of the particle
states above the Fermi surface in the correlated ground
state of nuclear matter. We notice that the depletion of
the Fermi sea is mostly induced by the isospin T = 0
np correlations. In Tab.I, we report the predicted con-
tributions from different channels to the depletion [i.e.,
1 − n(k = 0)] of the lowest momentum state in nuclear
matter. It is seen from the Tab.I that at the lowest mo-
mentum (k = 0), the T = 0 channels contribute a 11.5%
(10.8%, 10.2%) depletion which amounts to almost 81,
73, 67 percent to the total 14.2%, 14.8%, 15.3% deple-
tion at ρ = 0.17fm−3, ρ = 0.34fm−3, and ρ = 0.51fm−3),
respectively. Whereas, the contribution from the T = 1
channels amounts only about 19, 27 and 33 percent of the
total depletion for densities ρ = 0.17, 0.34 and 0.51fm−3,
respectively. It is worth noticing from Fig. 1 that the
dashed (red) curves are almost overlap with the corre-
sponding dot-dashed (blue) curves except for momenta
around the Fermi momentum, indicating that the contri-
bution of the T = 0 np channel almost completely stems
from the SD tensor correlations. Therefore, we may con-
clude that the depletion of the Fermi sea in symmetric
nuclear matter is essentially dominated by the SD np
tensor correlations.
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FIG. 2: (Color online) The same as Fig. 1, but obtained by
including the TBF.
TABLE II: The same as TABLE I, but the results are obtained
by including the TBF.
ρ (fm−3) T = 1 T = 0 3SD1 total
0.17 0.028 0.119 0.118 0.147
0.34 0.046 0.135 0.133 0.181
0.51 0.060 0.142 0.140 0.202
To see the TBF effect, we show in Fig. 2 the same
results as in Fig. 1 but obtained by adopting the AV 18
two-body interaction plus the microscopic TBF. As al-
ready shown in Ref. [40] that the TBF effect on the
nucleon momentum distribution at relative low densi-
ties around the empirical saturation density is negligi-
bly small. Whereas, the TBF effect becomes noticeable
at high densities well above the saturation density and
it has been shown to enhance the depletion of the nu-
clear Fermi sea [40]. The TBF-induced enhancement of
the depletion turns out to be more pronounced at higher
densities since the TBF is expected to induce stronger
short-range correlations at higher densities. Tab.II gives
the contributions from different channels to the deple-
tion of the lowest momentum state predicted by includ-
ing the TBF. By comparing Tab.I and Tab.II, one may
notice that inclusion of the TBF increases the depletion
of the lowest hole state from 14.2%, 14.8% and 15.3% to
14.7%, 18.1% and 20.2% for ρ = 0.17, 0.34 and 0.51fm−3,
respectively. One may notice that inclusion of the TBF
does not alter the main conclusions obtained in the case
of not including the TBF, i.e., the depletion of nuclear
Fermi sea is dominated by the T = 0 SD tensor cor-
relations between neutron and proton. For the lowest
momentum state, the T = 0 channels contribute a 11.9%
4(13.5%, 14.2%) depletion which amounts to almost 81
(75, 70) percent to the total 14.7% (18.1%, 20.2%) de-
pletion at ρ = 0.17fm−3 (ρ = 0.34fm−3, ρ = 0.51fm−3).
The isospin-singlet T = 0 channels contain purely the np
correlations since the nn and pp interactions vanish in the
T = 0 channels. Whereas, the isospin-triplet T = 1 chan-
nels consist three Tz components, i.e., Tz = −1, 0 and 1,
and consequently contain both np and nn (pp) correla-
tions. If neglecting the small charge-breaking effect in
the AV 18 interaction, we may expect the nn, np, pn and
pp correlations[47] in the T = 1 channels are approx-
imately of the same strength. Accordingly, the nn, np,
pn and pp correlations contribute equally to the depletion
in the T = 0 channels and each accounts for 25%. There-
fore, the depletion due to the nn or pp correlations can
be estimated to amount to about 4.8%, 6.3% and 7.5%
out of the total depletion of 14.7%, 18.1% and 20.2%
at ρ = 0.17, 0.34, 0.51fm−3, respectively. Finally, we
arrive the conclusion that about 90.6% (87.6%, 85.0%)
percent of the total depletion of the lowest hole state
stems from the np correlations, whereas only about 4.8%
(6.3%, 7.5%) is induced by the nn or pp correlations for
ρ = 0.17fm−3 (0.34, 0.51fm−3). In Ref. [22], the defi-
nite experimental evidence for the strong enhancement
of the np short-range correlations over the pp and nn
correlations observed at JLab has been reported. It is
shown in Ref. [22] that 80% of the nucleons in the 12C
nucleus acted independently or as described within the
shell model, whereas among the 20% of correlated pairs,
90 ± 10% are in the form of pn short-range correlated
(SRC) pairs; only 5 ± 1.5% are in the form of pp SRC
pairs and 5 ± 1.5% in the nn SRC pairs. Our above re-
sults provide a microscopic support for the experimental
observation at Jlab.
In Fig. 3, we display the predicted density dependence
of the occupation probabilities of the lowest hole state in
nuclear matter. It can be seen that without the TBF,
the total depletion is almost independent of density in
the region from 0.17fm−3 to 0.51fm−3, in good agrement
with the previous BHF result [33] and the prediction of
Ref. [28] by using the Green Function theory. In the case
of excluding the TBF, the depletion due to the T = 1
correlations increases and that caused by the T = 0 cor-
relations increases slowly as the density increases. The
TBF effect on the T = 0 channel depletion is seen to be
quite weak and it leads to a slight enhancement at high
densities. Whereas, inclusion of the TBF enhances con-
siderably the depletion induced by the T = 0 correlations
at high densities well above the saturation density. One
may see that the TBF-induced enhancement of the to-
tal depletion and the T = 0 channel depletion increases
monotonically as a function of density. Again it is worth
noticing that the T = 0 np correlations play a predom-
inated role in generating the depletion over the T = 1
correlations in the whole density range considered here.
The T = 0 channel depletion turns out to determined
almost completely by the 3SD1 tensor correlations.
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FIG. 3: (Color online) The density dependence of the oc-
cupation probabilities of the lowest hole state predicted by
considering the T = 0, T = 1, 3SD1 channel correlations and
the total correlations, respectively. The square symbols are
obtained without the TBF; the triangles are calculated by
including the TBF.
IV. SUMMARY
In summary, we have investigated the effect of ten-
sor correlations on the depletion of nuclear Fermi sea
in nuclear matter within the framework of the extended
BHF approach by adopting the AV 18 two-body interac-
tion supplemented with a microscopic TBF. The contri-
butions from various partial wave channels including the
isospin-singlet T = 0 channels, the isospin-triplet T = 1
channels and the T = 0 tensor 3SD1 channel have been
calculated and discussed. The main conclusions can be
summarized as follows: (1) The T = 0 neutron-proton
correlations play a predominated role in generating the
depletion of nuclear Fermi sea in symmetric nuclear mat-
ter over the T = 1 correlations, which provide a robust
and microscopic support for the recent experimental ob-
servation at Jlab [22]. (2) The T = 0 correlation-induced
depletion stems almost completely from the 3SD1 tensor
channel. (3) The TBF effect on the depletion is shown
to increases monotonically as a function of density and
it enhances sizably the total depletion and the depletion
caused by the T = 0 np correlations at high densities well
above the saturation density.
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